A systematic study on the evolution of microstructure, texture and grain boundary character distribution has been carried out for an industrially produced interstitial free (IF) steel after cold rolling by 90 and 98 % and also after recrystallization anneal. The deformation microstructure shows refinement of the cell structure along with frequent formation of strain free nano-sized to sub-micron grains after severe cold rolling. Increase in the amount of cold rolling leads to a rise in the density of high angle grain boundaries and a corresponding sharpening of the deformation texture. Annealing of the severely cold rolled material also leads to the formation of submicron to ultra-fine grains. Higher amount of cold rolling sharpens the g fibre intensity.
Introduction
Although one of the major applications of Interstitial Free (IF) steels is in the automobile sector, 1) applications of IF steels in the packaging industry are also expected to be quite substantial. 2) For this purpose it is necessary to produce steel sheets in much thinner gauge sections than those used in the automobile industry. One way of achieving this thickness could be to go for cold deformation levels much higher than what is practised (85-90 %) now a days.
3) Substantial amount of research so far has indicated that in practical terms, the amount of cold rolling plays an important role in the development of the final annealing texture suitable for deep drawing. The amount of cold rolling to be applied to the material depends on various factors and these have been discussed in depth in the literature. 1, [4] [5] [6] [7] However, the effect of severe cold rolling on the development of microstructure, texture and grain boundary character distribution during deformation and subsequent recrystallization is still not very clear. Among grain boundaries, the coincidence site lattice (CSL) boundaries and misorientation between grain are known to have a significant role in the recrystallization and the grain growth process. 8) Generally, it is considered that CSL boundaries are more mobile and migrate faster under specific experimental conditions. 8) It has been observed in Fe-Si alloys that grain growth requires specific types of CSL boundaries and existence of certain misorientation relationships. It has been suggested 9) that selective growth of grains may involve misorientations of 30°-40°around common ͗111͘ axes in case of fcc metals and of 25°-35°around common ͗110͘ axes for bcc metals. It has also been reported that S9, S11, S19a, S27a, S33a, and S33c are important CSL boundaries which help in the growth process. 10) In the present investigation a systematic study has been carried out to understand the changes in texture and microstructure in an IF steel after different cold rolling levels up to 98 % reduction in thickness and after annealing. Side by side the changes in grain boundary character distribution in terms of misorientation and CSL boundary distribution have also been studied.
Experimental
The steel was melted as an industrial heat in Tata Steel, Jamshedpur, India. The chemical composition of the steel is: 0.003% C, 0.36% Mn, 0.006% S, 0.014% P, 0.012% Si, 0.047% Al, 0.0033% N, 0.011% Nb, 0.05% Ti (wt%). A transfer bar of this steel was controlled hot rolled using an instrumented laboratory rolling mill. A total of 80 % deformation was given during hot rolling in several passes. The Finish Rolling Temperature (FRT) was kept within Ϯ10°C of 964°C (within the austenite recrystallization range). The hot bands were then subjected to cold rolling by 90 % (eϭ2.3) and 98% (eϭ3.92). The cold rolled samples were subjected to isothermal annealing at 650°C in H 2 atmosphere for different lengths of time to produce different fractions of recrystallized grains. Crystallographic textures were determined from the mid thickness regions of the hot rolled as well as cold rolled and annealed sheets using a FEI-Quanta 200 Scanning Electron Microscope (SEM), coupled with an EBSD facility. During data collection a minimum number of seven Kikuchi bands were allowed to index a pattern, thus ensuring higher reliability of information. It has been reported by Field 11) that EBSD patterns having confidence index above 0.1 can correctly index an orientation 95 % of the time. In the present experiments the average confidence index of the patterns for annealed sample was 0.7 and this led to more than 98 % of the patterns to be indexed correctly in every case. The minimum angular resolution of the EBSD from alpha iron using W-filament has been found to be 1°, as reported by Humphreys. 12) In order to make accurate measurements, misorientations less than 1.5°were excluded from the data. ODFs (Orientation Distribution Functions) were measured using TSL-OIM software and F 2 ϭ45°sections (Bunge notation) were determined therefrom. Using the same software the crystal orientation maps and grain boundary character distribution of all the cold rolled and annealed steel samples were determined. Brandon criterion was used while reporting the fractions of Low Angle Grain Boundaries (LAGB), High Angle Grain Boundaries (HAGB) and Coincidence Site Lattice (CSL) boundaries. Boundaries with grain boundary angle less than 15°have been clubbed together as LAGB and those with grain boundary angle greater than 15°have been included in HAGB. CSL boundaries include those in the range of S3-S29 as per Brandon's criterion. 13) Optical microstructures were obtained from the longitudinal sections of the rolled and rolled and annealed samples. Thin foils for Transmission Electron Microscopy (TEM) study were prepared from the heavily deformed as well as annealed sheets. TEM specimens were prepared from both the longitudinal and rolling plane section of the specimens. The TEM work was carried out in a JEOL 2000FX-II electron microscope operated at 160 kV.
Results and Discussion

Microstructural Evolution
Deformed State
The longitudinal section optical micrograph [ Fig. 1 ] of the hot rolled steel, shows fully recrystallized ferrite grains. Presence of some fine precipitated particles and a few inclusions is also observed in the microstructure.
Figures 2(a) and 2(b) represent typical TEM micrographs of the steel, cold rolled 90 % and 98 % respectively. The TEM micrograph of the 90 % cold rolled steel shows a highly deformed and elongated cell structure. Onset of recovery inside a few cells is also visible. More extensive recovery is visible in Fig. 2 (b), which shows the TEM micrograph from the 98 % cold rolled steel. The cell thicknesses are somewhat finer here than in case of the 90 % cold rolled material. Evidence of formation of very small (nano-sized) grains, free from dislocations, was obtained in thin foils of the 98 % cold rolled material. This has already been reported in a previous communication. 14, 15) 
Annealed State
Figures 3 and 4 show a series of micrograph depicting the progress of recrystallization in the 90 % and 98 % cold rolled steels, respectively. In all the cases, strain free grains appear to form preferentially at or near the elongated cell boundaries. A bimodal grain size distribution consisting of larger and finer grains has been observed after full recrystallization in both the steels. Some very large grains were observed in the 98 % cold rolled steel, after recrystallization.
Figures 5(a) and 5(b) show typical TEM micrographs from partially recrystallized areas of the 90 % and 98 % cold rolled and annealed materials, respectively. Formation of recrystallized grains and very extensive recovery can be easily observed in these micrographs. Many of the grains are of ultra-fine size in the true sense (1-2 mm size). The relatively large grains are predominantly of {111} orientation and these are found to grow into other orientations ( Fig. 5(c) ). Very often {001} oriented regions have been observed in the 98 % cold rolled and partially annealed material, which contain a network of dislocations and do not recrystallize easily ( Fig. 5(d) ).
Textural Development 3.2.1. ODF Results
The F 2 ϭ45°sections of the ODFs of the 90 % cold rolled steel, starting from hot rolling till the fully recrystallized state, are shown in Figs. 6(a)-6(f) . The hot rolled texture here (Fig. 6(a) ) is extremely weak and does not show any clear cut g or a fibre. Cold rolling by 90 % leads to an overall sharpening of the texture and the formation of reasonably sharp a and g fibres as shown in Fig. 6(b) . A distinct rotated cube component can also be seen. Figures 6(c)-6(f) show the F 2 ϭ45°section ODFs of this steel after different periods of annealing at 650°C. Progressive annealing leads to a sharpening of the a and g fibres and a perceptible decrement in the rotated cube intensity. The fully recrystallized texture shows a well developed g fibre with maxima at {111}͗112͘ locations. The rotated cube component has vanished completely at this stage.
The F 2 ϭ45°sections of the ODFs of the 98 % cold rolled steel, starting from hot rolling till the fully recrystallized state, are shown in Figs. 7(a)-7(f) . Cold rolling by an amount 98 % leads to the development of a much sharper texture as compared to the 90 % case. The texture here comprises rather uniform and sharp a and g fibres along with a strong rotated cube component. The overall texture intensity becomes maximum after 30 min of annealing, although the g fibre intensity is rather low here. The g fibre intensity increases after 90 min annealing and it becomes rather sharp after full recrystallization. The g fibre in the fully recrystallized condition shows maxima at both {111}͗110͘ and {111}͗112͘ locations. The a fibre increases in intensity initially but practically vanishes after full recrystallization. The rotated cube component remains strong till 90 min annealing; however, after full recrystallization its intensity decreases and the maxima shift towards lower F 1 . 
Volume Fractions of Texture Components
The analysis of the ODF data yielded a large number of texture components. Out of these the following components are found to be part of the g fibre: {111}͗112͘, {111}͗123͘, {111}͗134͘, {554}͗225͘, {111}͗110͘. On the other hand, the following orientations are part of the a fiber: {001}͗110͘, {112}͗110͘, {114}͗110͘, {113}͗110͘, {554}͗110͘, {223}͗110͘. In addition to these, the following components are normally found to be present: {11118}͗4411͘, {223}͗672͘, {223}͗692͘, {934}͗113͘, {113}͗471͘ and {001}͗100͘. Out of these {11118}͗4411͘, {223}͗672͗͘, {223}͗692͘ are close to the g fibre and {934}͗113͘, {113}͗471͘ are close to the a fibre. Three different plots of the volume fractions of these three different types of components for the 90 % cold rolled and annealed steel are shown in Figs. 8(a)-8(c) . As has been mentioned earlier, the texture volume fraction data have been collected from the relevant EBSD measurements. The high quality of the EBSD data can be illustrated from some typical EBSD color coded orientation maps from the 98 % cold rolled as well as 30 min and 210 min annealed samples [Figs.
9(a)-9(c)].
The volume fraction plots of the g fibre components for the 90 % cold rolled steel clearly indicate that the texture components intensify significantly with the progress of recrystallization. The major components of the g fibre in the recrystallization texture are {111}͗134͘ and {111}͗123͘ while the minor components are {554}͗225͘, {111}͗112͘ and {111}͗110͘. So far as the a fibre is concerned, two of the components, the {114}͗110͘ and the {100}͗110͘ become quite intense during the initial stages of annealing. Later on, however, all the components of the a fibre assume low volume fractions after full recrystallization. Among the other texture components, the two most important ones are the {223}͗472͘ and {223}͗692͘, both of which are close to the g fibre orientation. These two components are present in substantial volume fractions in the texture of the recrystallized steel. In addition, three other components such as {113}͗471͘, {934}͗113͘ and {11118}͗4411͘ are also present in the recrystallization texture.
The volume fractions of texture components versus annealing time plots for the 98 % cold rolled and annealed steel are presented in Figs. 10(a)-10(c) . The cold rolled texture at this stage is made up of significant volume fractions of the g fibre components. All these components show a noticeable decrease of their volume fractions at the initial stages of recrystallization, beyond which they increase again. The final recrystallized texture is made up of mainly the {554}͗225͘ component of the g fibre whose volume fraction was very low at the cold rolling stage. The other important g fibre components in the recrystallization texture are {111}͗123͘, {111}͗134͘, {111}͗112͘ and {111}͗110͘. Two major a fibre components of the cold rolling texture, namely, {100}͗011͘ and {114}͗110͘ show a very rapid increase in their volume fractions during the initial stages of recrystallization, finally becoming weaker when the recrystallization is complete. The major a fibre components of the recrystallization texture are {554}͗110͘, {112}͗110͘ and {223}͗110͘. In addition to the g and a fibre components, two other texture components, namely, {223}͗472͘ and {934}͗113͘ are also present in the recrystallization texture in substantial amounts. The most basic difference in the textural development of the two different cold rolled materials after annealing is that after 98 % cold rolling the {554}͗225͘ becomes a very prominent component in the recrystallized material, whereas this is only a minor component of the recrystallization texture of the 90 % cold rolled steel. Presence of very small volume fraction of this component in the cold rolled condition in the former strongly indicates a selective growth process during recrystallization. 16, 17) This component is related to the {112}͗110͘ component by 26°rotation. [16] [17] [18] This gives support to the idea that {554}͗225͘ could possibly have grown by a growth selection process. It is true that whenever, the {554}͗225͘ component is strong in the 98 % cold rolled and annealed material the corresponding {112}͗110͘ orientation is found to be of rather low intensity. These results give credence to the idea that the {554}͗225͘ component in the 98 % cold rolled and annealed material could have grown at the expense of {112}͗110͘ component present in the steel. The other two important texture components which have shown significant growth at the later stages of recrystallization are {223}͗472͘ [close to the g fibre] and {934}͗113͘ [close to the a fibre]. This kind of phenomenon was not observed in case of 90 % cold rolled and recrystallized material. It therefore appears that severe cold rolling reduction (98 %) leads to selective growth of a few texture components during recrystallization, and this does not occur when the amount of cold deformation is less (90 %). Figure 11 clearly shows that the 90 % cold rolled material possesses a little higher density of low angle grain boundaries (LAGB) as compared to the high angle grain boundaries (HAGB). Not much difference in the grain boundary character distribution is observed upto an annealing time of 30 min. There is, however a drastic decrease in the LAGB fraction and a corresponding increase in the HAGB density after annealing for 210 min when the material becomes fully recrystallized with a few grains showing clear signs of growth. The CSL boundary number fraction does not show very significant changes from the sample in the cold rolled (90 %) state to samples in the partially or fully annealed conditions.
Grain Boundary Character Distribution (GBCD)
The changes in the GBCD pattern with annealing of the 98 % cold rolled material (Fig. 12) shows a perceptible difference with the 90 % cold rolled steel. Here the cold rolled material shows a distinctly higher fraction of HAGB as compared to LAGB. Annealing for 5 min changes this pattern making the LAGB fraction slightly higher than the HAGB. This trend becomes much more prominent after 30 min annealing when the HAGB fraction decreases drastically. However, after annealing for 210 min the HAGB fraction increases to a value almost equal to the LAGB fraction. In contrast to the behaviour of the CSL boundaries for the 90 % cold rolled as well as annealed materials, the CSL boundary fraction for the 98 % cold rolled steel shows a definite decrease after annealing the material for 30 and 210 min, i.e. during recrystallization and grain growth © 2008 ISIJ stage. The behaviour of the CSL boundaries is discussed in more detail in the next sub-section.
Distribution of CSL Boundaries
The plots for the CSL boundary distribution (from S3 to S37c) in the hot rolled, cold rolled (by 90 % and 98 %) and annealed materials have been presented in Figs. 13(a) , 13(b) . For the (S3-S37c) CSL boundaries there is a general increase in their number fraction as the amount of recrystallization increases. In both the CSL boundary distribution plots two distinct peaks appear at the positions of S3 and S13b. In addition, the 98 % cold rolled and annealed material shows two smaller peaks at the locations of S27a and S33a. The presence of two small peaks at the locations S27a and S33a in Fig. 13 also leads credence to the selective growth process as these CSL boundaries are considered to be quite important in this kind of phenomenon. 19, 20) A clear correlation between overall crystallographic texture and grain boundary character can be arrived at from the present study. Figures 6(b)-6(d) show that the nature and intensity of the texture of the 90 % cold rolled material is not much different from the material recrystallization annealed for 5 min and 30 min. The corresponding GBCD (Figs. 11(a)-11(c) ) also shows hardly any major difference in the HAGB and LAGB fractions. After full recrystallization however, the HAGB fraction becomes much larger due to formation of innumerable recrystallized grains.
In contrast to the above, the GBCD for the 98 % cold rolled and annealed material shows quite a bit of change with progress in annealing (Figs. 12(a)-12(c) ). In fact there is a significant drop in the HAGB fraction after 30 min of annealing. At this stage the rotated cube {100}͗011͘ and the {114}͗110͘ components occupy nearly 34 and 26 volume fractions of the total texture components. The presence of such texture components may lead to a quite higher LAGB fraction at this stage, as has been observed in the present case. Full recrystallization of the material has obviously led to a high number fraction of HAGB (Fig. 12(b) ).
Conclusions
Interstitial free (IF) steel sheets can be processed by severe cold rolling technique to produce very fine (nano to submicron sized) grains in the cold rolled condition and sub-micron to ultra-fine grains after annealing. Increasing the amount of cold rolling produces an increment in the high angle grain boundary density and a sharpening of the deformation texture. The g fibre intensity after recrystallization can be sharpened by increasing the prior amount of cold deformation. The more heavily cold rolled (98 %) material exhibits selective growth phenomenon during annealing.
